Plants phenotypically adjust to environmental challenges, and the gaseous plant hormone ethylene modulates many of these growth adjustments. Ethylene can be involved in environmentally induced growth inhibition as well as growth stimulation. Still, ethylene has long been considered a growth inhibitory hormone. There is, however, accumulating evidence indicating that growth promotion is a common feature in ethylene responses. This is evident in environmental challenges, such as flooding and competition, where the resulting avoidance responses can help plants avoid adversity. To show how ethylene-mediated growth enhancement can facilitate plant performance under adverse conditions, we explored a number of these examples. To escape adversity, plants can optimize growth and thereby tolerate abiotic stresses such as drought, and this response can also involve ethylene. In this article we indicate how opposing effects of ethylene on plant growth can be brought about, by discussing a unifying, biphasic ethylene response model. To understand the mechanistic basis for this multitude of ethylene-mediated growth responses, the involvement of ethylene in processes that control cell expansion is also reviewed.
INTRODUCTION
The role of ethylene in plant growth regulation has been a controversial research area. The best known, classic, effect of ethylene on plant growth is the inhibition of elongation growth (Abeles and others 1992) . This was first described in dark-grown seedlings of pea, and later confirmed for several other species including Arabidopsis. Ethylene-induced inhibition of hypocotyl and root elongation, induction of radial swelling, and the formation of an exaggerated apical hook comprise the three components of what is frequently referred to as the triple response (Guzmá n and Ecker 1990; Abeles and others 1992) . The triple response seems to be general for many plant species. Ethylene-induced inhibition of hypocotyl elongation is restricted to dark-grown seedlings, as ethylene has been found to exert the opposite effect in the light in Arabidopsis; namely, a significant increase in hypocotyl elongation (Smalle and others 1997) . Although this seems contradic-tory to the triple response concept, a substantial body of work has shown that ethylene can greatly stimulate internode and petiole elongation in a range of plant species from habitats that are frequently flooded. Well-known model examples are deepwater rice (Kende and others 1998) and Rumex palustris (Voesenek and others 2003) , where ethylene-induced shoot elongation helps these species to outgrow the water layer when flooded (Voesenek and others 2006) . It has also been known since the early 1970s that, even in roots, the elongation response to ethylene is variable (Smith and Robertson 1971) . In some species, very low but elevated ethylene levels can increase, rather than inhibit, root elongation. In others, only an inhibition is seen, as reported in Visser and others (1997) . A third group consists of species that seem to have fairly ethylene-unresponsive root growth (Visser and Bogemann 2006) . Similarly, a closer look at dose-response relationships for ethylene-induced inhibition of hypocotyl elongation in dark-grown Arabidopsis seedlings reveals that, even there, the situation is not as clear-cut as generally thought. Slightly elevated ethylene concentrations appear to sometimes elicit a small but reproducible stimulation of hypocotyl elongation (Hua and Meyerowitz 1998; Stepanova and others 2005) . On the other hand, higher concentrations seem always to inhibit hypocotyl elongation in dark-grown Arabidopsis seedlings (Binder and others 2004) .
Consistent with the idea that ethylene acts as a growth inhibitor, ethylene-insensitive Arabidopsis mutants were reported to be larger than their wildtype background (Hua and others 1995) . However, recent growth analyses on three species (Arabidopsis, petunia, and tobacco) revealed identical relative growth rates (RGR measured under optimal growth conditions) for ethylene-insensitive plants and their wild-type counterparts (Tholen and others 2004) . However, when ethylene-insensitive plants are grown in dense stands where they have to adjust growth to the presence of wild-type neighbors, their growth is much suppressed and they reach a fivefold lower biomass than the wild type (Pierik and others 2003) . Such data reinforce the understanding that ethylene is particularly important as an internal modifier that adjusts a plantÕs phenotype and physiology to dynamic environmental conditions (Pierik and others 2006) . In addition, ethylene has been proposed to fine-tune developmental processes such as senescence of older leaves, flower abscission, and fruit ripening (Abeles and others 1992) .
In this review we address ethylene as a central player in plant growth adjustments to adverse conditions ( Figure 1 ). We do this by reviewing ethylene functioning in (1) growth adjustments that allow a plant to avoid adversity and (2) growth maintenance (tolerance) during adversity. This variety of responses includes both growth stimulatory and growth inhibitory effects of ethylene. We briefly explain our recently introduced concept of biphasic ethylene responses that unifies these apparently contradictory roles of ethylene (Pierik and others 2006) . This explanation is then related to mechanistic processes that regulate cell growth, particularly at the cell wall level. Finally, we identify future challenges and propose avenues of research to enhance our understanding of the fascinating diversity of growth adjustments controlled by ethylene.
GROWTH RESPONSES TO CONSOLIDATE RESOURCE CAPTURE: REGULATION BY ETHYLENE

Submergence Avoidance
Many terrestrial plant species suffer severely from flooding events, such as those that occur frequently in the floodplains along rivers. Such events therefore have severe consequences for the composition and abundance of natural vegetation (Blom 1999) . Floods are also detrimental to agriculture because most crops have a low submergence tolerance (Mittler 2006) . However, there are species that can survive severe floods, some of them through a striking avoidance strategy (Voesenek and others 2006) . Model plants in this respect are deepwater rice (Kende and others 1998) and Rumex palustris (Voesenek and others 2003) , which show strong internodal (rice) and petiole (Rumex) elongation upon submergence. This allows these plants to escape the water with their youngest leaf tips and thus restore contact with the air. This solves the main problem associated with submergence: a lack of oxygen and therefore energy (Voesenek and others 2006) . Underwater diffusion rates of gases are 10,000 times slower than in air, and as a consequence very little CO 2 and O 2 can enter the submerged plant. This limits aerobic respiration as well as energy production through photosynthesis (Mommer and others 2004) and may eventually lead to cell death.
Ethylene also cannot freely diffuse between the submerged plant and the surrounding environment. As a result, ethylene accumulates to very high levels inside submerged plants (Voesenek and others Growth control by ethylene 2006). Ethylene is thought to be the primary signal to detect submerged conditions and initiate signal transduction pathways that lead to enhanced shoot elongation (Voesenek and others 2006) . These pathways include several interactions between plant hormones, particularly abscisic acid (ABA) and gibberellin (GA). Upon accumulation of ethylene, endogenous ABA levels are quickly reduced. In R. palustris this is thought to occur through a reduced biosynthesis (indicated by submergence-induced downregulation of the RpNCED family) and enhanced breakdown (indicated by enhanced levels of phasaeic acid, an ABA breakdown product) (Benschop and others 2005) . The resulting drop in ABA stimulates GA biosynthesis in R. palustris (Benschop and others 2006) . Ethylene also enhances GA responsiveness during submergence in deepwater rice and R. palustris (Hoffmann-Benning and Kende 1992; Rijnders and others 1997) . These hormones also regulate the ethylene-induced differential petiole growth to a more vertical orientation (hyponastic growth; Cox and others (2004) ), a response that is also seen in Arabidopsis (Millenaar and others 2005) . Hyponasty precedes petiole elongation in R. palustris and is thought to direct the elongating submerged leaves towards the water surface (Voesenek and others 2006) . Submergence-induced shoot elongation is thought to be adaptive only under relatively shallow and prolonged flooding conditions. This allows accessibility to the air and ample time for the investment to pay off (Voesenek and others 2004) . However, in situations where the floods are too deep or brief to be outgrown, a ''quiescence'' strategy that conserves energy can be more beneficial. Recent developments in rice research have identified a genomic locus, Sub1, that regulates this strategy in rice cultivars that do not exhibit a strong submergence-induced elongation (Xu and Mackill 1996) . Interestingly, the importance of this locus is explained by an ethylene response factor (ERF) gene that downregulates growth factors, such as cell-wall modifying expansin proteins (Xu and others 2006) . Thus, ethylene can regulate both the inhibition and the stimulation of shoot elongation. Interestingly, ethylene can also inhibit root elongation, even in species where shoot elongation is strongly promoted by ethylene. For example, although petiole elongation is increased approximately threefold by 5 ppm ethylene in R. palustris, as much as 1 ppm of ethylene can cause a fourfold inhibition of root elongation (Visser and others 1997) . Ethylene accumulation can thus be a severe drawback in several wetland species (Visser and 
Shade Avoidance
Plant growth in dense stands, such as those growing in many agricultural fields, is dominated by a strong competition for light. Upon perception of neighbor competitors, many species display a suite of responses collectively termed shade avoidance (Ballaré 1999; Franklin and Whitelam 2005) . This includes upward leaf movement (hyponasty) and enhanced stem and petiole elongation, behaviors reminiscent of the submergence-avoidance responses already discussed. Shade avoidance helps plants to consolidate light capture in dense stands, and this allows them to compete better with their neighbors.
Ethylene was recently shown to be an important factor in these processes of neighbor detection and competition. Ethylene-insensitive transgenic tobacco plants, generated via insertion of the mutant etr1-1 receptor gene from Arabidopsis, were inferior competitors compared to wild-type neighbors (Pierik and others 2003) . Interestingly, biomass accumulation in transgenic monocultures or in plants grown in isolation was similar to that in the wild type (Pierik and others 2004b) . It was found that ethylene enhances shade avoidance responses. Ethylene-insensitive plants therefore show reduced and delayed responses to neighbors, and this causes them to be out-competed by their wild-type neighbors. Ethylene production in several species is controlled by the ratio of red:far-red (R:FR) radiation (Finlayson and others 1999; Pierik and others 2004a; Foo and others 2006; Kurepin and others 2006) , which is considered the prime neighbordetection cue in dense canopies. However, ethylene may only play a minor role in the elongation responses to this signal, as ethylene-insensitive tobacco did show a reasonable response to low R:FR (Pierik and others 2004c ). Yet, neighbor detection involves additional signals, such as reduced photon fluence rates of blue light (Ballaré 1999; Franklin and Whitelam 2005) , and mature-plant responses to this signal in tobacco are entirely ethylene-dependent (Pierik and others 2004c) . Thus, ethylenemediated growth responses to light spectral cues are specific for some, but not all, light signals.
In addition to being a modulator of light-induced growth responses, ethylene might also serve as a neighbor-detection signal itself. Ethylene concentrations in the canopy atmosphere of competing tobacco plants were found to be elevated approximately threefold from 5 to 15-20 ppb in greenhouse experiments (Pierik and others 2004c) . Such concentrations were sufficiently high to induce stem elongation and hyponastic leaf growth in wild-type plants, which raises an interesting possibility. If ethylene can function as a volatile neighbor-detection cue, so could many other volatiles. Volatiles are produced during plant-herbivore interactions, and there is compelling evidence that they mediate plant-plant interactions (Baldwin and others 2006 ). An interesting question would be whether plantderived volatiles have the potential to induce shade avoidance responses just as they do neighbor-induced defense responses. An intriguing consequence of these possibilities is that unique species-specific volatile blends might allow plants to tune their responses to the identity of their neighbors.
Foraging for Nutrients
Plant roots typically forage for nutrients if they are in low and heterogeneous supply. This activity becomes visible as a strong induced proliferation of lateral roots in nutrient-rich patches and as limited branching in nutrient-poor areas. Such patterns are the result of reduced elongation with enhanced lateral branching in nutrient-rich patches and high primary root elongation rates during nutrient deficiency. Thus, by growing high root biomass and surface area into nutrient-rich zones, plants are thought to enhance the acquisition of nutrients when these are patchily available (Hodge 2004; de Kroon and Mommer 2006) . These root-proliferation responses are thought to be of competitive and thus ecological importance when nutrients are heterogeneously supplied in vegetations with different species that have varying capacities to forage for nutrients.
As stated earlier, ethylene is generally found to inhibit root elongation. Furthermore, ethylene Growth control by ethylene application stimulates the formation of root hairs. As a result, ethylene has been implicated in the regulation of root growth and root growth responses to different nutrient availabilities (Lynch and Brown 1997) . For example, ethylene has been shown to mediate root growth adjustments upon induction by phosphorus (P) deficiency. Ethylene production is enhanced by low P in common bean (Phaseolus vulgaris), as is sensitivity to ethylene (Borch and others 1999) . However, in maize, ethylene biosynthesis can be reduced during both phosphate and nitrogen deficiency, but in this case, ethylene responsiveness is still strongly increased (He and others 1992) . Low P has also been suggested to enhance ethylene responsiveness in Arabidopsis roots (Ma and others 2003) . More causal evidence for ethylene involvement in root foraging for nutrients came from manipulations of ethylene signaling or production. In common bean, as in many other species (Visser and Pierik 2007) , ethylene inhibits root elongation under nutrient-sufficient conditions. However, it was found that, under P-deficient conditions, inhibition of ethylene biosynthesis (by applying AVG) reduced root elongation, and this was counteracted by adding exogenous ethylene. In other words, ethylene proved to be a stimulator of root growth maintenance under P deficiency (Borch and others 1999) . Very similar results were obtained more recently on Arabidopsis root elongation. Here also ethylene stimulated growth under low P and inhibited growth under high P (Ma and others 2003) . Growth stimulation or inhibition by ethylene thus strongly depends on the nutrient status, a conclusion reminiscent of the contrasting influence of ethylene on Arabidopsis hypocotyl length in the light and dark.
When roots encounter nutrient-poor conditions, root hair formation can be enhanced, which in turn enhances root surface area for nutrient uptake (Ma and others 2001) . Root hair formation is known to be induced upon ethylene application; for example see Cao and others (1999) . Consistent with this finding, the constitutive ethylene response mutant ctr1, as well as the ethylene overproducing eto3 mutant, display ectopic root hair formation (Cao and others 1999) . Native ethylene has also been implicated in root hair formation under standard conditions (Tanimoto and others 1995) and under low nutrient conditions. The ethylene-insensitive mutants ein2 and etr1 have a severely reduced root hair formation response to iron (Fe) deficiency but a perfectly normal root hair induction response to low P (Schmidt and Schikora 2001) .
In conclusion, enhanced ethylene sensitivity and/ or production under nutrient-deficient conditions can augment primary root elongation, enabling plants to forage for more nutrient-rich zones. At the same time, enhanced ethylene action can, under low Fe, but not low P, also induce the formation of root hairs. This increases the root surface area and consequent nutrient acquisition from the rhizosphere. However, most studies on the role of ethylene in nutrient-induced root growth responses have been performed under uniform nutrient-deficient conditions. It would be interesting to know whether similar forms of regulation by ethylene govern root architecture when the nutrient supply is heterogeneous, especially because this would more likely reflect natural conditions (Jackson and Caldwell 1993) .
ETHYLENE AS A REGULATOR OF GROWTH MAINTENANCE DURING ADVERSITY
Thigmomorphogenesis during Mechanical Stress
Upon exposure to mechanical stimuli, such as wind and touch, plants exhibit a suite of responses that are collectively termed thigmomorphogenesis (Jaffe and Forbes 1993; Braam 2005) . These responses include reduced shoot elongation, leaf area, and dry weight accumulation. At the same time, stem diameter and root allocation typically increase upon mechanical stimulation. These phenotypic adjustments enhance a plantÕs resistance to mechanical failure (Jaffe and Forbes 1993; Anten and others 2005) .
Ethylene has long been thought to be an important component in regulating thigmormorphogenic responses. Enhanced ethylene evolution upon mechanical stimulation is well known (Abeles and others 1992; Emery and others 1994) , with the wound-induced peaks in ethylene production as perhaps the best known example (Boller and Kende 1980; Abeles and others 1992) . Resulting elevated ethylene levels in Arabidopsis can stimulate the expression of TOUCH genes that are thought to be involved in signal transduction cascades from mechanical stimulation to consequent thigmomorphogenesis (Braam 2005) . In addition, several articles have reported growth effects of high levels of applied ethylene that are reminiscent of thigmomorphogenesis-for example, inhibition of stem elongation (Emery and others 1994) and biomass accumulation (Anten and others 2006) . Consistent with this role, elegant studies on an alpine ecotype of Stellaria longipes showed that wind-induced growth reductions could be prevented by applica-tion of the ethylene signaling inhibitor STS (silver thiosulfate) (Emery and others 1994) . Studies on Arabidopsis, however, showed that thigmomorphogenesis does not always involve a key role for ethylene. The severely ethylene-insensitive ein2-1 and etr1-3 mutants still show classic thigmomorphogenic responses to wind stimulation, such as reduced flower stalk elongation (Johnson and others 1998) . Also, the wind-induced upregulation of TOUCH genes was unaltered in these mutants as compared to wild type. A recent study (Anten and others 2006) , using the earlier mentioned ethyleneinsensitive tobacco plants, confirmed that ethylene may not be involved in mechanical stress-induced stem length stunting. However, it was also shown that the reduced biomass accumulation during mechanical stimulation does involve ethylene. Ethylene-insensitive tobacco plants showed no reduced biomass accumulation upon mechanical stress, whereas wild-type plants did. As a result, the relative allocation to roots was increased upon mechanical stimulation in wild-type. This would be an adaptive strategy in windy environments, as the roots provide anchorage and the smaller shoots reduce the wind-exposed areas (Emery and others 1994; Anten and others 2006) . Because these responses require ethylene, the ability to respond to ethylene likely prevents mechanical damage in plants exposed to strong winds.
Drought Stress
Drought stress is a major abiotic constraint on plant growth that is widespread in both agricultural and natural vegetations (Bartels and Sunkar 2005) . The loss of turgor during water deficit can slow cellular growth, but drought can also induce several forms of damage via, for example, protein denaturation or disruption of membrane integrity (Bray 1997) . Plant cellular responses to ameliorate these drought stress symptoms are known to be regulated by abscisic acid (ABA) (Bray 1997; Bartels and Sunkar 2005) . Abscisic acid production is increased under water-deficient conditions and is important for drought-induced responses (Zhu 2002) . Exogenous application of ABA induces the expression of drought-associated genes (Zhu 2002) .
Drought stress in roots leads to reduced turgor pressure, and this tends to slow cell elongation and thus root elongation. This slowing can be detrimental under water-deficient conditions, as root growth maintenance is important to explore the soil for water-rich zones. To maintain cell elongation at reduced turgor pressure, cell walls need to become more relaxed (see also the section on cell wall processes). Abscisic acid is generally associated with growth inhibition, but under water-deficient conditions it has proven essential to maintain root growth in maize. This follows from the suppression of ethylene biosynthesis by ABA (Sharp 2002) . This interaction was shown when fluridone, an inhibitor of ABA biosynthesis, decreased root elongation under low water potentials and led to enhanced ethylene production. When ethylene biosynthesis was also inhibited, ABA deficiency had no effect on root elongation (Spollen and others 2000) .
In addition to inhibiting root elongation, drought can also induce early leaf senescence (Young and others 2004) , which reduces plant performance because of reduced carbon fixation. Ethylene is known to affect leaf senescence under normal irrigated conditions (Abeles and others 1992; Grbic and Bleecker 1995) . In a maize ACC synthase knockout mutant (Zmacs6), a reduction of more than 80% in ethylene production (caused by reduced levels of the ACC synthase enzyme, which forms the ethylene precursor ACC) was associated with strong resistance of leaf function against drought. This was indicated by enhanced chlorophyll and protein levels and higher stomatal conductance under drought conditions in the Zmacs6 mutant compared to wild-type plants. This led to a much higher CO 2 assimilation in the mutant under drought conditions (Young and others 2004) . Similar data were obtained for wheat when ethylene biosynthesis was inhibited with AVG (Beltrano and others 1999) . These data indicate that ethylene is a positive regulator of drought-induced leaf senescence and thus a negative regulator of drought tolerance. In agreement with this, exogenous ethylene can exacerbate the heat and drought-induced reduction of photosynthetic efficiency in Holm Oak (Quercus ilex), although chlorophyll levels were not affected by ethylene or drought (Munné -Bosch and others 2004). Very recently, a sunflower (Helianthus annuus) HD-Zip transcription factor (Hahb-4) was found to mediate drought and ethylene signaling. Hahb-4 expression was enhanced by drought, and Hahb-4 overexpression in Arabidopsis led to enhanced drought resistance by delaying drought-induced senescence. This is thought to occur through its transcriptional repression of genes related to ethylene biosynthesis (ACO, SAM). Further reduction of ethylene-induced senescence by Hahb-4 may occur through downregulation of genes related to ethylene signaling, such as ERF2 and ERF5 (Manavella and others 2006). Interestingly, another report showed a positive contribution to drought tolerance of a tomato ethylene responsive factor (ERF), TERF1, expressed in tobacco seedlings Growth control by ethylene (Zhang and others 2005) . Thus, ERFs might have ambiguous roles in drought tolerance. They are members of the ethylene response element binding protein (EREBP) family of transcription factors, which are regulated not only by ethylene but also by various other environmental signals (Fujimoto and others 2000) . This diversity of regulation might explain the variable results found for different ERFs during drought tolerance.
In conclusion, ethylene suppression appears to enhance drought resistance because it allows continuation of root growth and reduces the induction of senescence. Thus, ethylene seems to be a negative regulator of drought resistance, and plants carry mechanisms to reduce ethylene action to enhance drought resistance. The exact mechanisms that mediate interactions between ethylene and drought tolerance are not yet fully understood, however.
BIPHASIC ETHYLENE RESPONSE CONCEPT INTEGRATING GROWTH INHIBITION AND STIMULATION
The examples discussed so far reveal the variable and sometimes opposing functions of ethylene signaling. For instance, ethyleneÕs growth stimulatory role during shade and submergence avoidance seems to contradict its inhibitory role during root growth. The effects of ethylene on root growth are also ambiguous because under low P, root elongation is stimulated rather than inhibited by ethylene. To provide a conceptual framework to understand these apparent controversies, we recently suggested a biphasic ethylene response model (Figure 2 ; Pierik and others 2006) . In this model ethylene can have both inhibitory and stimulatory effects, depending on the concentration. This dose-response relationship is a bell curve (Figure 2 ) and is known in pharmacology and toxicology as a hormetic dose-response curve (Calabrese 2004 ). The entire doseresponse relationship in turn may be affected by environmental variables, as well as by species-specific and organ-specific differences. Environmental conditions that are known to affect ethylene responses include, for example, light quality (Pierik and others 2004a) and quantity (Smalle and others 1997) , and nutrients (Borch and others 1999; Ma and others 2003) . We hypothesize that various other environmental cues may also affect the exact ethylene response in any given plant species. Ethylene could thus be considered to integrate signals from various environmental cues to regulate growth adjustments. There may also have been different natural selection for ethylene-responsiveness in different environments. For example, in several frequently flooded plant species, growth stimulation occurs at very high ethylene concentrations that are realistic for submerged conditions (Voesenek and others 2006) . However, such concentrations are inhibitory for most non-wetland species, which show growth stimulation only at relatively low concentrations. These low concentrations are only rarely used in experiments, especially when the ethylene precursor ACC or the ethylene-releasing compound ethephon are used, because these give ethylene levels that are relatively high and uncontrolled. As these high ethylene concentrations will represent only one end of the dose-response relationship, experimental evidence has focused mostly on growth inhibition by ethylene. In addition, it is possible that naturally low endogenous ethylene levels are often already growth-promotive. Exogenous application of relatively high ethylene doses will then frequently raise ethylene levels to growthinhibitory concentrations. We argue that growth stimulation by ethylene may be more common than previously thought.
MECHANISMS OF ETHYLENE-INDUCED CELL GROWTH REGULATION
Ethylene can affect growth at the cellular level, via regulation of processes that control the ability of the Figure 2 . Hypothetical dose-growth response curve (for example, shoot elongation) to various exogenous ethylene concentrations. Note that both growth stimulation and growth inhibition may occur, depending on the concentration applied. The exact dose-response curve will differ between species and will depend on internal (for example, other plant hormones) and external (for example, light and nutrients) signals.
cell to expand. Plant cell walls are rigid structures, providing mechanical support to the cells they encase. Yet in an apparent contradiction, these walls have to extend to allow cell expansion and growth. Cell wall extensibility is considered a major regulatory point in growth. Plant cell walls are composed of cellulose microfibrils embedded in a matrix of complex polysaccharides. Broadly speaking these pectins and hemicelluloses act via a multitude of noncovalent interactions with each other and with cellulose fibers, to form a network that holds the cell wall together.
Cell Wall Loosening
Cell wall extensibility depends on the modification of the above-mentioned molecular framework, a process that has been termed wall loosening (Cosgrove 2005 ). This in turn results from the action of a host of cell wall proteins that act on wall structural polymers, ''loosening'' the framework and thus allowing extension. Agents such as hormones that affect extensibility and consequent growth do so in part via their influence on the activities and expression levels of these modifying agents. A number of wall-loosening agents have now been identified (Darley and others 2001; Cosgrove 2005) , and most of them act primarily on the cellulose:hemicellulose network. Among these, members of the expansin, xyloglucan endotransglycosylase/hydrolase (XTH), and endo-b1,4-Dglucanase family are ethylene regulated (Figure 3) .
Expansins are a family of cell wall proteins that mediate the acid-induced extension seen in isolated plant walls. Expansins are thought to act via disruption of the hemicellulose-cellulose noncovalent interactions, which allows slippage of the loadbearing polymers and thus, expansion (Cosgrove 2005) . In most plant species expansins comprise a multigene family, where members show differential regulation by various factors (Cosgrove and others 2002) . Numerous studies have now provided evidence for ethylene-mediated regulation of expansins. For example, ethylene-regulated expansins are involved in fruit ripening (Rose and others 1997; Hiwasa and others 2003) and abscission (Belfield and others 2005) . As mentioned earlier, in semi-aquatic plants, such as deepwater rice and R. palustris, the flooding responses are initiated by ethylene (Kende and others 1998; Voesenek and others 2003) .
In R. palustris, ethylene affects cell wall loosening during flooding-induced petiole elongation in a two-pronged process. Fast, apoplastic acidification resulting from H + extrusion probably sets the optimal acidic environment for the action of cell wall loosening proteins. Transcript levels of RpEX-PA1 increase, followed by increased expansin protein levels. This combination of events is thought to enhance cell expansion and thus petiole elongation (Vreeburg and others 2005) . In deepwater rice, expansins also show distinct expression patterns that correlate with the internodal elongation seen in response to flooding and GA (Cho and Kende 1997) .
In rice, it is now known that ethylene-and GAmediated changes in gene expression are controlled by the Sub1 locus, containing the ERF-like gene Sub1A, which confers submergence tolerance (Xu and others 2006) . The cultivar M2O2 shows increased shoot elongation after 14 d of flooding. In contrast, when the Sub1 locus from a non-elongating cultivar (FR13-A) was introgressed into M2O2, the resulting M2O2 (Sub1) near-isogenic line had lost the elongation response to flooding. In response to ethylene, M2O2 plants showed increased expression of expansin genes. In M2O2 (Sub1), where ethylene caused an induction of Sub1A Figure 3 . Ethylene regulates various processes to modify cell elongation. These include cell wall loosening through regulation of mRNA and protein levels of cell wall loosening proteins, such as expansins. Furthermore, ethylene can enhance proton extrusion into the apoplast, which is thought to enhance the activity of cell wall modifying proteins. The directionality of cell expansion is related to microtubule orientation, which is also ethyleneregulated.
transcripts, expansin gene expression was either unchanged or even downregulated. This suggests that ethylene can cause both upregulation and downregulation of wall-loosening genes in response to a similar signal (flooding) (Fukao and others 2006) . The ethylene-mediated submergence response is conserved in certain ferns as well. In response to submergence or ethylene treatment, transcript levels of an RdEXPA1 mRNA were upregulated in the elongating rachises of Regnellidium diphyllum (Kim and others 2000) . Also, in cotton (Gossypium hirsutum) plants, fiber cell elongation was found to be controlled by ethylene. Elongating fiber cells produce large amounts of ethylene, and application of exogenous ethylene stimulates elongation. This correlates with the upregulation of a number of genes, including two expansins ChEXPA1 and ChEXPA2 (Shi and others 2006) . Expansins are thus central players in many ethylene-mediated elongation growth responses, but cell wall loosening is brought about by more enzymes.
Xyloglucan endotransglucosylase/hydrolases (XTHs) are a family of cell wall enzymes that can modify their substrate hemicellulose (xyloglucan) via hydrolysis or transglucosylation. They are also involved in diverse processes such as expansion, abscission, and fruit ripening (Rose and others 2002) . For example, root growth maintenance under water deficit in maize requires enhanced cell wall loosening to allow cell expansion under reduced turgor pressure. This wall loosening in water-stressed maize roots involves both expansins (Wu and others 2001) and XTH (Wu and others 1994) . Although XTH upregulation was dependent on ABA accumulation, it was not known whether ethylene might be involved. However in hot pepper, an ethylene-inducible XTH was identified that increased drought and salt tolerance in transgenic Arabidopsis plants (Cho and others 2006) . In maize, ethylene-induced aerenchyma formation through cell lysis (an adaptive response to flooding), is also associated with the upregulation of an XTH (wus1005) (Saab and Sachs 1996) .
The third major family of wall-modifying enzymes are the endo-1,4-b-D-glucanases (EGases). These cause the endo-hydrolysis of b1,4 linkages of cell wall glucans, which thereby alter wall composition. EGases have been mostly associated with growing tissues and organs, but they also have a function in fruit ripening and abscission (Darley and others 2001) . In tomato, an EGase Cel4 transcript was found in rapidly expanding tissues such as young pistils, etiolated hypocotyls, and young leaves. Application of ethylene or high concentrations of 2,4 D (a synthetic auxin) to tomato seedlings, caused a doubling of the concentration of Cel4 mRNA. Because high concentrations of 2,4 D cause an increase in ethylene production, it was concluded that the transcript abundance observed was either a direct or indirect consequence of ethylene action (Brummell and others 1997) .
Microtubule Orientation
The action of the above-mentioned enzyme groups on the cell wall allows it to extend. However, for cell elongation this extension needs to be unidirectional or anisotropic. One of the factors implicated in the control of growth anisotropy is the cytoskeletal microtubule network. The elongation status of a cell and the orientation of microtubules (MT) seem to follow a simple, though not absolute, rule. With respect to the long axis of growth, the orientation of MTs is transverse in an elongating cell and longitudinal in a non elongating cell (Fischer and Schopfer 1997) . The exact mechanism of how this MT reorientation leads to the control of growth anisotropy has been controversial. The observed coalignment of MTs with cellulose microfibrils led to the hypothesis that MTs control cell expansion by influencing the deposition of cellulose in the wall (Baskin 2001) . Although this theory had been discounted by studies that uncoupled this relationship (Baskin 2001; Himmelspach and others 2003; Sugimoto and others 2003) , it has been revived by a recent study demonstrating the functional association of cellulose synthase with MTs (Paredez and others 2006) .
The effects of ethylene on MTs has been studied in the pea (Pisum sativum) stem and epicotyl, and the mung bean (Vigna radiata) hypocotyl (Lang and others 1982; Roberts and others 1985) . In each case, high concentrations of ethylene caused MTs to switch to a predominantly longitudinal orientation concomitant with an inhibition of elongation. This correlation, however, may be restricted to ethylene-induced growth inhibition. Hypocotyl elongation of light-grown Arabidopsis seedlings was stimulated by ethylene, for which elongating cells still showed MT orientations other than the expected transverse order. Thus growth and MT patterning may not always be unambiguously related (Le and others 2005) .
In conclusion, regulation of cell elongation by ethylene might be brought about by a combination of factors that affect cell wall mechanics. There clearly are multiple regulation points, including translational and transcriptional control of cell wall enzymes and tubulin and control of MT dynamics (Figure 3 ), which in turn might affect deposition of cell wall polysaccharides and secretory enzymes.
CONCLUSIONS AND PERSPECTIVES
Ethylene is an important modulator of diverse growth responses to a wide variety of environmental cues. It can be an inhibitor as well as a stimulator of growth, depending on the environmental challenges and species-specific characteristics, including balances with other growth regulating hormones. Because plants under natural conditions are likely to encounter multiple challenges, a proper integration of these signals is required to reach a coordinated and appropriate output. Ethylene might be at the heart of these integrational processes as it is regulated by a wide variety of environmental signals and is functionally important for growth responses to these cues. Ethylene signaling is therefore a likely candidate for signal integration. Signal integration also implies a role for ethylene in determining hierarchies between responses to multiple environmental challenges. An interesting recent example is the relationship between shade-avoidance responses to consolidate light capture and defense responses against herbivory in wild tobacco (Nicotiana longiflora). A low R:FR light ratio was found to enhance stem elongation, and also to strongly suppress the expression of defense-related genes and herbivoreinduced phenolic compounds. This led to enhanced performance of the specialist herbivore Manduca sexta on shade-avoiding plants as compared to controls (Izaguirre and others 2006) . Together, these various points of evidence suggest that low R:FRinduced ethylene production stimulates shade avoidance (Pierik and others 2003) but suppresses at least some defense responses in tobacco (Winz and Baldwin 2001) . This would thus mean that consolidation of light acquisition dominates and even goes at the expense of defense against herbivory.
It will be an exciting future challenge to elucidate the regulatory routes through which ethylene can have these diverse and sometimes opposite effects on growth. Much will depend on crosstalk with other hormones, such as ABA, GA, and auxin. Their mutual output contributing to cell wall processes will at least partially define the cellular growth responses. The ethylene-responsive EREBP family of transcription factors is a likely signal-transduction step for integration of multiple signals and for diversification of outputs. Members of this large family of proteins can be regulated by ethylene, as well as by many other signals (Fujimoto and others 2000) . Furthermore, different members of this family can have different functions. For example, the Sub1A ERF-like gene in rice is induced by ethylene and appears to suppress elongation growth, at least in part by suppressing expansins. In contrast, although Sub1C is also regulated by ethylene (and also by GA), it has been proposed to stimulate elongation growth (Fukao and others 2006) . It will be interesting to find out whether a growth stimulatory role of SUB1C occurs through an opposite regulation of the same expansins as those downregulated by SUB1A, or alternatively through other cell wall modifying processes. Similar approaches have the potential to shed light on many aspects of ethylene-mediated growth adjustments and may ultimately clarify how this hormone can have such a profound diversity of effects on plant growth.
